Brigham Young University

BYU ScholarsArchive
All Theses and Dissertations

2017-04-01

Near-Salt Stratal Geometries and Implications for
the Evolution of the Onion Creek Diapir Moab,
UT
Ethan L. Cook
Brigham Young University

Follow this and additional works at: https://scholarsarchive.byu.edu/etd
Part of the Geology Commons
BYU ScholarsArchive Citation
Cook, Ethan L., "Near-Salt Stratal Geometries and Implications for the Evolution of the Onion Creek Diapir Moab, UT" (2017). All
Theses and Dissertations. 6327.
https://scholarsarchive.byu.edu/etd/6327

This Thesis is brought to you for free and open access by BYU ScholarsArchive. It has been accepted for inclusion in All Theses and Dissertations by an
authorized administrator of BYU ScholarsArchive. For more information, please contact scholarsarchive@byu.edu, ellen_amatangelo@byu.edu.

Near-Salt Stratal Geometries and Implications for the Evolution of the
Onion Creek Salt Diapir Moab, UT

Ethan L. Cook

A thesis submitted to the faculty of
Brigham Young University
in partial fulfillment of the requirements for the degree of

Master of Science

Samuel M. Hudson, Chair
Scott M. Ritter
Ronald Harris

Department of Geological Sciences
Brigham Young University

Copyright © 2017 Ethan L. Cook
All Rights Reserved

ABSTRACT
Near-Salt Stratal Geometries and Implications for the Evolution
of the Onion Creek Salt Diapir Moab, UT
Ethan L. Cook
Department of Geological Sciences, BYU
Master of Science
The Onion Creek Diapir is one of many salt domes proximal to the Uncompahgre thrust
front of the ancestral rockies in the Paradox Basin. It is comprised of Paradox Formation
evaporites and large blocks of Honaker Trail Formation carbonates that were deformed by
loading of Permian Cutler Formation progradational alluvial to fluvial fans. The history of salt
movement in the Onion Creek Diapir is recorded in the near-salt strata.
Large salt bodies and their adjacent mini-basins evolve conforming to a complex
relationship between salt withdrawal, creating localized accommodation, and sediment
deposition. Migrating mini-basin depo-centers, thinned and folded strata, and spatial facies
trends reveal the relative rates of diapirism and sedimentation.
The study area outcrop, north of the diapir, is divided by significant stratigraphic
horizons that help define depositional periods. Six measured sections in the study area reveal
higher preservation rates of fine grained floodplain deposits, typically destroyed in alluvial
environments, than at locations correlating to stratigraphic levels high in the outcrop suggesting a
low accommodation environment evolving into higher accommodation where stacked channel
complexes are preserved. Preserved slump folding at the base of the outcrop reveals that
although some salt emergence occurred in the earliest depositional period it was not significant
enough to preclude sediment deposition or to divert the Cutler fluvial network and destroy
floodplain facies.
A 3-D digital outcrop, modeled from photogrammetric data, illustrates the development
of localized accommodation, attracting fluvial channel in a near-salt, tight axial syncline during
the later depositional period. These evidences suggest a greater emergence of the diapir and
likely diversion of the Cutler channel complexes.

Keywords: Onion Creek, salt diapir, halokinetic sequence stratigraphy, Cutler Formation, 3-D
digital model, photogrammetry, salt withdrawal, salt basin, dissolution collapse, salt deformation
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INTRODUCTION
Understanding near-salt stratigraphy has become vital to the oil and gas industry in many
of the world’s ocean basin and continental shelves. Sediments truncated by salt diapirs in these
basins can serve as excellent structural and stratigraphic traps. Creating a high-resolution survey
for the near-salt stratal deformation will greatly enhance the industry’s ability to make
subsurface predictions about petroleum systems influenced by salt. As a part of this effort, this
study focuses on the Onion Creek diapir in east-central Utah and the Permian Cutler Formation
adjacent to it (Figure 1). High-resolution mapping and halokinetic sequence stratigraphic
analysis of the Cutler Formation in the study area will explain the evolution of the Onion Creek
diapir. The data will also be used to create a detailed model that can be used as an analog for
near-salt terrestrial sediments influenced by halokinetics.
Salt tectonism
The influence of the Undifferentiated Cutler sediments on the development of salt walls
and their minibasins has long been studied in the Paradox basin (e.g. Elston et al., 1962; Mack &
Rasmussen, 1984; Hazel, 1994; Lawton & Buck, 2006; Cain & Mountney, 2009; Trudgill & Paz,
2009; Trudgill 2011; Venus, 2015). For years the onset of salt movement in the Paradox
Formation was believed to be pre-Honaker Trail Formation in the Pennsylvanian (Elston et al.,
1962; Condon, 1997; Williams, 2009). However, new cross sections developed by Trudgill
(2011), Trudgill and Paz (2009) and constrained by seismic data reveal that the Honaker Trail
carbonates were deposited and undeformed before the onset of salt withdrawal and diapirism.
This is evidenced by, among other things, the large, isopachous Honaker Trail megaflap that is
preserved along the southern edge of the diapir, as interpreted by Trudgill & Paz (2009).
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Figure 1: Base map of Southeastern Utah showing the study area in relation to the cities of Moab and Green River (Image from Google Earth).
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The anticlines and minibasins of the proximal Paradox basin evolved according to a
complex relationship between sediment loading and salt withdrawal. This relationship has been
studied for decades along the basin’s many salt walls (Hongxing, 1996; Kluth and DuChene,
2009; Lawton and Buck, 2006; Prommel and Crum, 1927; Trudgill, Banbury et al., 2004;
Trudgill and Paz, 2009; Venus et al, 2015). The extent and style of near-salt stratal deformation
depends on the relative rates of sediment deposition and salt withdrawal. The end member styles
of halokinetic deformation (Figure 2) are described as hooks and wedges (Giles and Rowan,
2012). A hook results when diapirism outpaces sedimentation, creating more accommodation
than can be filled. The opposite is true of wedges. When sedimentation outpaces the rate of
diapirism the localized accommodation is filled increasing the likelihood of sediment bypass and
decreasing the chance of diapir emergence.
The most substantial studies on the salt-sediment interaction in the Fisher minibasin were
conducted by Venus et al. (2015), who used facies trends to interpret changes in fluvial
architecture, and Trudgill and Paz (2009), who developed a theoretical cross section, constrained
by early field observations, through the diapir.
This study employs several methods to determine the history of salt movement,
sedimentation patterns, and their influence on each other in the Fisher minibasin. Without access
to seismic data, the span of geological time through which this relationship can be studied is
constrained by the rocks visible in outcrop. As such, this study focuses on the upper portion of
the Undifferentiated Cutler strata that is in contact or proximal to the Onion Creek Diapir.
However, new field methods employed in the study area grant access to outcrops that were
previously inaccessible.

3

Figure 2: This figure illustrates end member styles of stratal deformation resulting from halokinetic processes. When diapirism outpaces
sedimentation, creating more accommodation than can be filled, hook style geometry results and more diapir emergence is expected. When
sedimentation outpaces diapirism, sediment bypass is more likely and less emergence would be expected. Modified from Giles and Rowan
(2012).
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Stratigraphy and Sedimentology
The Cutler Group is exposed in outcrop in the Moab area of southeastern Utah, northern
Arizona, and parts of western Colorado. Uplift occurred during the late Pennsylvanian to
Permian along the Uncompahgre fault zone (Figure 3), within the Paradox basin to the southwest
of the orogeny. This study focuses on the undifferentiated Cutler which is composed of alluvial
to fluvial sediments that were deposited proximal to the highland source.
Outside of the study area the Cutler Group is divided into several formations as it grades
southwestward into more distal fluvial and shallow marine sediments (Figure 4). The Lower
Cutler beds are the oldest distal correlative unit, and are characterized by mixed fluvial, eolian,
and shallow marine sediments deposited in a eustatically driven cycle during the late
Pennsylvanian to early Permian periods (Jordan and Mountney, 2012). The Cedar Mesa
Formation (Figure 4) is a late Wolfcampian eolian sandstone deposited during a time when
undifferentiated Cutler sediments prograded far into the basin (Loope, 1984). The overlying
Organ Rock Formation is a Leonardian/Artinskian system of prograding and retrograding fluvial
fans with minor eolian dunes in the distal part of the basin which, at times, controlled the
distribution of fan facies (Cain and Mountney, 2009). The White Rim sandstone and the De
Chelly sandstone, the youngest sediments chronostratigraphically equivalent to the
Undifferentiated Cutler, conformably overlie the Organ Rock Formation (Cain and Mountney,
2009). Each of these formations interfinger with the proximal undifferentiated Cutler sediments,
which are thickest in the foredeep of the basin at up to 4000m (Figure 4, Venus et al, 2015).
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Figure 3: Reference map of the Paradox basin and a few of its structural elements and notable features.
Shapes with the hash pattern are proximal salt bodies. The La Sal laccolith is to the East. The red lines
identify Paradox basin salt anticlines. Notice the proximity of the study area to the Uncompahgre
thrust front. Modified from Venus et al. (2015)
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Figure 4: Stratigraphic correlation map of the late Pennsylvanian, Permian, and early Triassic rocks in the
Paradox Basin. The Lower Cutler beds, Cedar Mesa Sandstone, Organ Rock Formation, and White Rim
Sandstone represent distal divisions of the Undifferentiated Cutler Formation. The red box identifies the focus
section of the Cutler Group. Modified from (Venus et al., 2015).
7

The type section for the Undifferentiated Cutler Formation is located in Gateway,
Colorado (Figure 1) where the most proximal alluvial fan sediments are preserved. The majority
of the Cutler outcrops have been interpreted to be preserved braid plains with lateral and
longitudinal bars, sheetflood sands, as well as levee and overbank fine sand deposits (Jordan and
Mountney, 2010). However, fan facies fine towards the southwest, as evidenced by the rocks I
the study area. The sediments are arkosic, micaceous, red brown, red purple, and maroon
(Doelling, 2002). Sediments in the study area, which are directly adjacent to the Onion Creek
Diapir, are significantly finer grained and the sedimentary packages are more poorly defined than
those in the type section and even those a few kilometers away at the Fisher Towers.
The top of the Cutler is an unconformable contact with the fluvial sandstones of the
Triassic Moenkopi Formation. At its base is also an unconformity with the Pennsylvanian
Hermosa Group, comprised of the Paradox and Honaker Trail Formations, which are successions
of evaporites, shallow marine, and mixed siliciclastics (Condon, 1997).
Basin History
The Paradox Basin is a Late Paleozoic tectonic depression that covers much of
southeastern Utah, into western Colorado, northern Arizona and New Mexico (Figure 5). The
Middle Pennsylvanian Paradox Formation evaporites originate from a period of aridity and
glacio-eustatic seal level fluctuation in the Pennsylvanian period when the basin was partially
restricted and generally define the extent of the basin (Suttner and Dutta, 1986). Formations and
facies associations in the Paradox basin trace their ancestry to periods of Pennyslvanian through
Permian tectonism in the Uncompaghre uplift. As there have been several major episodes of
uplift in this part of the “Ancestral Rockies” there is uncertainty surrounding the exact timing of
tectonism in the basin (Stone, 1977). Because the uplift is now inactive and the metamorphic
8

Figure 5: Paleogeographic reconstruction of the early Permian northwest/southeast trending Ancestral
Rockies and Paradox Basin (Blakey, 2013).
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Figure 6: Structural index map of the Uncompahgre Uplift and surrounding fault zones
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basment is only visible in subsurface data (i.e. gravity, magnetic, seismic), periods of active
tectonism are determined by facies associations shifting from marine/evaporite to non-marine
clastics towards the ancestral highlands (Stone, 2009).
Bounding the Uncompaghre uplift are the Garmesa fault zones and Uncompaghre fault
zones in the north and south respectively (Figure 6). These fault zones also divide the Paradox
basin in the south from the Uinta basin in the north. The first discernable activity along the
Uncompaghre uplift occurred in late Precambrian to early Cambrian time (Elston and
Shoemaker, 1962) . Left lateral strike slip movement along both fault zones is interpreted
because of several folds trending northwesterly as well as tear faulting with similar orientation.
Although Precambrian sediments are absent on the south side of the Uncompaghre uplift, they
remain offset on the north side suggesting early uplift (Stone, 2009).
Evidenced by the thick succession of Cutler arkosic facies, the most significant period of
tectonism in the Uncompaghre occurred during the Pennsylvanian-Permian time (Cater, 1970).
Stratigraphic relationships and fossils in the lower Cutler beds determine the timing of
deposition. (Cater, 1970). Pulses of sediments that were shed off the ancestral highlands
followed periods of active thrust faulting. These sediments are divided into fining upwards mega
sequences as fan systems prograded basinward (Mack and Rasmussmen, 1984). Beginning in the
middle Permian, a thick enough succession of Honaker trail formation and Permian Cutler
Formation sediments accumulated to cause the onset of salt tectonism in the Paradox Formation
salt (Trudgill, 2011; Trudgill and Paz, 2009; Venus et al., 2015,). Salt deformation influenced
much of the proximal basin from the Permian through Triassic periods.
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METHODS
The present study focuses on the field area north of the Onion Creek Diapir (Figures 1 and
3), an area of around 2 km2. Primary field objectives were to describe and define the facies
associations in regards to temporal and spatial trends, and to take pictures for a photogrammetric
model. Significant stratigraphic surfaces were interpreted through the study area where possible
and exported as a series of georeferenced points to Petrel in order to extrapolate those surfaces
and create structural maps and isopachs which reveal a relationship between sedimentation rates
and passive diapirism. Measured sections can be integrated with sections previously measured by
Venus et al. (2015) for a more accurate facies analysis.
Measured Sections
Six vertical sections (Figure 7) were measured north of, and in close proximity to the
Onion Creek Diapir. Sections were previously measured in this area by Venus et al. (2015). This
study adds quality control and a higher density of data. A Jacob’s staff and USGS color guide
were the main tools used in measuring. Unit descriptions included rock type, color, bedding,
geomorphic expression, lateral extent, nature of the basal contact, sedimentary structures and
other relevant features. These sections (Figure 8) reveal vertically and laterally changing facies
as they relate to salt diapirism and sedimentation.
Photogrammetry
Close-range terrestrial photogrammetry has become a useful tool for modeling and
georeferencing outcrops, especially for areas that are difficult to access. This technique creates 3D surfaces using overlapping photos, which are stitched together and draped over the model
(Haneberg, 2008). Conventional photogrammetric methods use a point and shoot camera or
DSLR to capture images; however, acquiring close range aerial photos using a drone with
onboard GPS streamlines the image processing and helps create a more complete 3-D rendering.
12

Figure 7: Reference map of locations where vertical sections were measured north of the Onion Creek
diapir. The white lines represent approximate locations and lengths of the sections (Image from Google
Earth).
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Figure 8: Correlation panel of the six vertical sections described near the
sediment- cap rock interface on the northern margin of the Onion Creek
diapir (Figure 3). Lithology, dominant grain size, and interpreted facies
shown., The green line S1 and red line S2 represent local datums that can be
correlated across much of the study area- these were walked out and mapped
using aerial photography between sections.
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Figure 9: A portion of the photogrammetric model of the study area. The model is comprised of nearly 600 photographs and is about 2.5
km from end to end. The green and red lines are stratigraphic horizons for the interpreted surfaces S1 and S2 respectively.
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A DJI Phantom 3 was used to take all the overlapping photos necessary to build our
model (Figure 9). Over 600 photographs were taken as part of the data acquisition covering an
area of 1 km2. The complex canyon terrain of the study area made acquisition challenging, and
some areas of the model are data sparse as a result. Enough photo overlap was achieved to
facilitate the correlation of key surfaces though the study area.
Data was processed using the AgiSoft software suite, and once all photos were
georectified and a dense mesh was built, key surfaces were interpreted from within the resulting
pointset. The complete pointset representing the modeled outcrops, as well as subsets
representing significant stratigraphic horizons, were exported to Petrel in order to interpolate the
surfaces in between outcrops.
Petrel Modeling
Petrel is a common software tool used by oil companies for static modeling of facies and
reservoir properties. Although the current study is outcrop based, Petrel serves as a method for
spatial analysis of the data collected for the photogrammetic model. Uploading a DEM and
orthomosaic from the Agisoft model to Petrel aided in visualizing the lateral extent of significant
stratigraphic horizons, which, because of the nature of the topography, made doing so in the field
very difficult. Loading points along interpreted correlative surfaces selected from the
photogrammetic model with associated X,Y,Z data enabled me to statistically interpolate
surfaces in a defined region. Clipping the surfaces to the edge of salt created a visualization of
how the surfaces might have appeared before dissolution of the diaper and exposure of the rocks
by erosion (Figure 10).
Petrel provides several numerical algorithms to choose from when interpolating surfaces
from data points. Minimum curvature interpolation created the most geologically realistic surface
16

Figure 10: Structural contour map of interpolated surface S3. Top) Surface S3 is shown with
only the original data points (green dots) picked from the photogrammetric model Bottom)
Surface S3 is shown with added control points on the margins of the surface to constrain the
interpolation. (Image from Google Earth)
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because it is designed, as the name suggests, to minimize flexure of the surface between the data
points using a modified biharmonic differential equation. Notwithstanding the usefulness of the
minimum curvature method, some manually inserted control pints were necessary to optimize
the realism of the surfaces in areas away from control data for certain interpreted surfaces.
DATA AND INTERPRETATIONS
Facies
Five primary descriptive facies were identified in the observed strata of the Cutler Formation
in the study area. The facies descriptions are based partially on work done by Abdullatif (1989),
in which modern sheet flood and fluvial deposits of
modern systems in the Sudan were described in detail. In
the measured sections, the five Onion Creek (OC)
lithofacies are defined as:
1. OC1: Horizontally stratified sandstone
2. OC2: Trough cross stratified sandstone
3. OC3: Scour fill sandstone
4. OC4: Massive sandstone
5. OC5: Friable laminated fine sandstone
Horizontally Stratified Sandstone (OC1)
This facies is comprised of fine to medium
grains. The grains are predominately quartz with lesser
amounts of feldspar and mica. Colors range from
moderate reddish orange to pale reddish brown. Planar
laminations are abundant and are moderately well

Figure 11: Horizontally stratified
sandstone lifthofacies. Planar bedding
well preserved in this outcrop indicates
high flow regime and unconfined flow
conditions.
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preserved to poorly preserved with only relict features (Figure 11). The lateral extent of bedsets
is a few meters to 25 meters and thickness ranges from a few centimeters to 1m.
This facies represents an upper flow regime depositional environment, with high bed-load
transport rates. Suspended-load sediments are also substantial and fill in the troughs as the
bedforms migrate downstream creating planar lamina (Posamentier and Walker, 2006).
Trough Cross Stratified Sandstone (OC2)
Facies OC2 represents the most laterally
continuous expression of amalgamated channel forms in
the study area. Preservation of the bedforms is not
homogenous and different facies might have therefore
been interpreted within the same laterally traceable bedset.
Grain size in this facies is medium to coarse sand
comprised of quartz, feldspar, mica, and extraformational
pebbles sourced from the Uncompahgre metamorphic core
complex. Color ranges from pale red to grayish pink. The
trough cross stratification in facies OC2 is mostly well
developed and preserved but there are locations where is
poorly defined. Some of the OC2 bedsets are laterally
continuous through the entire area and consist of
amalgamated channels that can be up to 10’s of meters
thick. Centimeter scale rip-up clasts are common.

Figure 12: Trough cross stratified
sandstone lithofacies. Channel dune
troughs are preserved well in this
outcrop. Lateral channel migration cuts
across bedforms.

Bedforms in this facies suggest channel aggradation produced by sinuously crested dunes
that migrate down the main channel. (Cant, 1977). OC2 strata interpreted to be channel form
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sands that amalgamate laterally, possibly in a relatively low-accommodation setting, to form
sheet like bodies (Figure 12). Lateral migration of mid-channel bars drive channel sinuosity. The
deposition of facies OC2 would have occurred under higher than normal discharge volumes, with
channels dominated by bedload transport (Cain and Mountney, 2009).
Scour Fill Sandstone (OC3)
This facies is similar to OC2 in that cross bedding
is commonly preserved. However, OC3 is distinguished
from OC2 because it is comprised of mainly coarse sand
to gravel sized sediments, is characterized by symmetrical
hollows, and has significantly scoured the facies
beneath it (Figure 13). Quartz, feldspar, and mica grains
are visible, and much of this facies can be referred to as
decomposed granite. There are abundant granitic and
schistose extraformational pebbles, cobbles, and rip up
clasts of up to 40cm. The color is pale red to grayish pink
although the color of individual grains in the arkosic unit
can vary greatly within both the and the clasts. Some
trough cross stratification is visible but difficult to see
because of the coarse nature of the sediments. Pebble and
cobble lags are common at the bottom of channel forms.

Figure 13: Scour fill sandstone
lithofacies. The white line illustrates
where a pebbly OC3 sandstone has
scoured into facies OC2 beneath it.

The lateral extent of a single scour fill is a few meters to ten meters. Vertical thickness ranges
from a one meter to 10’s of meters if scouring channel forms are stacked.
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Figure 14: These images represent end members of the Massive sandstone
lithofacies. Although their depositional environment and sedimentological processes
are similar, their differences in grain type and size vary. The outcrop on the left has a
matrix of medium to coarse grains with extraformational pebbles. The outcrop on
the right is fine to medium grained and well sorted quartz.
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Variations in discharge and channel avulsion explain facies OC3 and the vertical
accretion is achieved by cut and fill processes (Cant, 1978; Abdullatif, 1989). These scours
generally form in a single, high discharge flood event, explaining why they are less laterally
continuous that facies OC2
Massive Sandstone (OC4)
Sediments of the OC4 facies are bimodally distributed. The most volumetrically
significant fraction is medium to fine grained with a minor part medium to coarse grained
channel elements (Figure 14). Likewise, there exists a range of grain composition with quartz
dominating and lesser feldspar and mica. Colors range from moderate reddish orange to pale red.
Although grain size and type, as well as the size of channelized elements vary, the lack of
sedimentary structure distinguishes this facies.
This sandstone facies results from unconfined sheetflood overbanks deposits (DeCelles et
al., 1991; Mack and Rasmussen, 1984). It is distinguished in outcrop from the Friable Laminated
Fine Sandstone facies by its lack of sedimentary structure and grain size. Massive sandstone
deposits are interpreted to be high sediment concentration sheetfloods. High concentrations of
mud in the original deposits may account for the lack of sedimentary structure.
Friable Laminated Fine Sandstone (OC5)
Facies OC5 is easily identifiable by both is darker color and its fine lamination. Colors range
from moderate red to dark reddish brown (Figure 15). OC5 is also characterized by the finest
sediments in the study area, which are most often very fine sand with common minor silt. Mica
grains are easily visible and are usually bigger than the quartz and feldspars. Small-scale,
subcritical ripples and planar laminations are common in this facies, and cm scale interbeds and
lenses of medium sand are present but rare. Facies contacts are often undulatory. The lateral
22

extent of the medium grained sand beds range from
centimeters to a few meters. The vertical thickness of
lenses is generally only a few centimeters to 10s of
centimeters because they are isolated and do not stack.
Facies OC5 represents a lower flow regime than
the rest of the facies and accretion is mainly vertical
(Abdullatif, 1989). Although the depositional method is
similar to sheet flood sands because they represent an
unconfined flow, these overbank sands do not display any
upper flow regime bedforms and are much finer grained.
When bank capacity is reached and a channel is breached,
rapid flow expansion decreases energy and causes the fine
sediments to drop out of suspension (Cain and
Mountney,2009). The lateral avulsion of channelized
facies sweeping across a stratigraphic horizon generally

Figure 15: Friable laminated fine
sandstone lithofacies. These
overbank fine sands, when
preserved, represent a decrease in
sediment supply as the facies is
generally destroyed by fan channel
autocyclicity

destroy overbank deposits. Therefore, the preservation of this facies is interpreted to indicate
either a base level rise or a decrease in sediment supply (Cain and Mountney, 2009).
Syntectonic Structural Deformation
Halokinetic stratal geometries and syntectonic isopachs reveal characteristics of the
Fisher minibasin that explain the history of Paradox salt withdrawal and Onion Creek diapirism.
Qualitative observations of large-scale halokinetic geometries have been made by
others,(Doelling, 2001) but with photogrammetric methods a more quantitative analysis of stratal
thickness changes can be made. The modeled stratigraphic horizons were first identified in
23

outcrop and then captured in the photogrammetric model. The data from the model were used to
interpolate four surfaces S1, S2, S3, and S4 using manually interpreted control points (Figures 16
and 17). These surfaces and their isopachs represent syntectonic stratal geometries influenced by
the relationship between sedimentation and salt withdrawal/passive diapirism.
Surface S1 is generated from the horizon closest to the cap rock that is laterally traceable
through the study area at the lowest stratigraphic position. The depositional environment of the
facies immediately above that horizon is interpreted as channel bars with extraformational gravel
and pebbles, and is dominantly facies OC2. The arkosic nature of the sediments make the color
much lighter than the surrounding strata and therefore easy to trace laterally.
Although the mineralogy of the facies are similar where surfaces S2 and S1 are
interpreted, the expression of S2 in outcrop is much more pronounced (Figure 9). That this
horizon is stratigraphically low, relative to the diapir and the inaccessible surrounding cliffs
made tracing it in three dimensions through the study area fairly easy. There are therefore more
data points constraining S2 than the other three surfaces.
Because surfaces S3 and S4 are stratigraphically much higher than the other horizons,
they were largely inaccessible in the field and often only exposed along cliff faces. Therefore,
because of resolution constraints in the photogrammetric model, the horizons from which the
deposition (Giles and Rowan, 2012). However, because there is no cross sectional view of the
contact between Cutler sediments and the diapir in outcrop, exact thinning and thickening trends
are impossible to determine.
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Figure 16: Interpolated stratigraphic surfaces. Google Earth images are draped over a digital
elevation model. Top: Surface S1 is the lowest interpreted surface and truncates closest to the cap
rock. Bottom: Surface S2 is constrained by the most data points in the field area.
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Figure 17: Interpolated stratigraphic surfaces. Google Earth images are draped over a digital
elevation model. Top: Surface S3 is inaccessible on foot and is interpreted as the base of a cliff
forming package. Bottom: Surface S4 is the highest interpreted stratigraphic surface in the field area.
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Figure 18: The lowest isopach between surfaces S2 and S1. Notice the thickest part of the isopach
trending NW-SE and getting thicker to the north suggesting the mini basin center is farther north.

Figure 19:: Isopach between S3 and S2. The trend in this isopach is the same as S2/S1 however it is
the thickest part indicating a shift in minibasin depo center to the south.

27

Figure 20: The highest isopach between S4 and S3. This isopach also illustrates an area of
stratigraphic thickness trending NW-SE similar to S3/S2. The depo center is more pronounced
suggesting that through the history of the sediment deposition immediately adjacent to the diapir salt
withdrawal increased creating more accommodation.

surfaces were generated are not specific stratigraphic beds but represent the base of two cliff
forming packages of strata that we believe approximate a laterally continuous facies change
based on field and photogrammetric observations (Figure 17).
Isopach maps of the Fisher minibasin reveal the areas of highest and lowest deposition.
The isopach between S1 and S2, the stratigraphically lowest surfaces (Figure 18), illustrates an
area of thin stratigraphy trending essentially northwest to southeast with thickening to the north
suggesting the basin depocenter is not imaged and perhaps existed further to the northeast at the
time of deposition. The isopachs illustrating thickness between S2 and S3 (Figure 19), and S3
and S4 (Figure 20) reveal stratigraphic thicknesses trending northwest to southeast. This trend
suggests that a localized area of salt withdrawal shifted closer to the diapir during later stages of
Cutler deposition creating more local accommodation. The lack of thinning adjacent to the diapir
between S2 and S1 also suggests that Cutler sediments likely breached the diapir during their
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A complex array of high frequency folding adjacent to the diapir reveals another story
about the syntectonic deformation of near salt strata. The lack of brittle deformational features in
these folds (i.e. fracturing, fold accommodation faults) suggests that they represent a syntectonic
event rather than post lithification deformation (Stewart, 2006). Furthermore, cap rock
dissolution results in no net extension which would be necessary to influence shortening on
diapir flanks. The best explanation for the soft sediment deformation of Cutler strata is the
slumping of sediments off the diapir flanks (Doelling, 2002). When sedimentation is outpaced by
salt withdrawal diaprism creates enough topographic relief of the cap rock to cause mass
transport. This model accounts for shortening caused by slumping sediments, the nature of the
soft sediment deformation, and the thin section of affected strata.
Late Salt Deformation and Near Salt Structural Heterogeneity
Large successions of relatively undeformed Permian, Triassic, and Cenozoic strata
suggest that the Moab area experienced less of a tectonic influence from basin and range
extension, Laramide, and Sevier orogenies than more western geologic provinces. This fact
contradicts the idea that regional tectonics influence the near-salt, high frequency folding at this
locality. However, strata immediately abutting the Onion Creek Diapir have undeniably been
subject to localized brittle deformation resulting from dissolution. The response of both soft and
lithified sediments to salt dissolution is much different and more unpredictable than stratal
geometries resulting from salt withdrawal. Analogs of sub-aerially exposed salt diapirs
undergoing late stage deformation are also much fewer. A complete succession of Triassic
stratigraphy on the south side of the diapir is completely collapsed from the Undifferentiated
Cutler through the Wingate Sandstone (Trudgill, 2011). On the opposite side of the diapir, where
this study is focused, the deformation is less dramatic. Cutler beds that were once in contact with
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the Paradox Formation salt now display a complex array of heterogeneous structures that have
not been previously documented. The range of structural deformation is documented by in
pictures (Figure 21)d, and includes uniform collapsed stratigraphy on the east and north sides of
the diapir evidenced by its incongruity with regional dip (Figure 22), tight synclinal folding
immediately adjacent to the diapir (Figures 23 and Figure 25), and a collapse structure with a
shear component (Figure 24).
Although the subsurface extent of the Onion Creek Diapir is not well understood due to
lack of seismic data, stratigraphic deformation and gravity data suggest that the salt may have
extended up to 4 km to the northwest or may still exist in the subsurface (Trudgill, 2011).
Directly west of the diapir, where there exists no surficial cap rock, Cutler strata dip to the south,
opposing the gentle regional northward dip (McKnight, 1940). Both the subsurface data and
deformed strata suggest collapse due to dissolution. Deformation in the Richardson Ampitheater
(Figure 21) supports this interpretation and preserves the northwestern most extent of recent salt
activity (Allred, 2016).
Closer to the edge of the diapir, where its surficial expression is most prominent and the
most salt withdrawal is expected, the deformation of the near salt strata is more complex. Where
Cutler beds are or were in direct contact with the cap rock the dominant manifestation of
deformation is tight synclinal folding. Strata that adheres to the northern regional dip changes its
orientation within 50m of the diapir and then turns up sharply against the contact (Figure 23).
The change in orientation is a result of two separate deformational events. Folding occurred
syntectonically after which it collapsed to the south as a result of dissolution.
On the west side of the largest drainage in the field area the Cutler strata are dipping to
the East, seemingly inconsistent with the rest of the deformed Cutler beds. A normal fault with a
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ffFigure 21: Base map showing the locations of photos taken in the study area. The photos show structural heterogeneity in the deformation of
near salt Cutler beds along the north side of the Onion Creek diapir. These structures, although diverse in expression, represent a single low
angle detachment zone resulting from the removal of the salt anticline by erosion, subsequent isostatic adjustment and the reactivation of
diapirism.
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Figure 22 Top: Looking north at Cutler and Moenkopi beds. One the right side of the photo the
Cutler beds change dip towards the South indicating salt withdrawal deformation. Bottom:
Looking West away from the surface cap rock. The Cutler beds here are also dipping to the
South consistent with what is seen in the Richardson Ampitheater.
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Figure 23: Cap rock is visible on the far left side of the photo where Cutler beds are truncated by it. The white lines show bedding
(not stratigraphically equivalent) dipping to the south, and then sharply dipping down and folding up indicating collapse. The
folding is a combination of syn-salt halokinetic deformation paired with fault drag. d) this photo shows a preserved channel bar in 3
dimensions indicating that the beds have not been overturned

33

Figure 24: Both photos show dissolution related deformation inconsistent with
the rest of the Cutler strata adjacent to the diapir. These beds dip to the East
instead of the South indicating a normal fault striking North with a rotational
shear component indicating the dissolution of a tongue of salt protruding from
the main body. The normal fault is interpreted on the bottom image.
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Figure 25: This photo shows a similar deformation style to what is seen in Figure 20 suggesting that
it is the dominant style where there exists surficial cap rock.
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right lateral component striking north/south explains this phenomenon (Figure 24). We interpret
that beds that were once dipping regionally to the north rotated counterclockwise and down after
a tongue of salt protruding from the diapir dissolved. The existence of a fault is evidenced by the
truncation of the beds at the bottom of the canyon. Furthermore, a large fault trending away from
the diapir explains the existence of the most prominent drainage in the area. Although the style
of deformation along the salt-sediment interface varies, all of the strata that are in direct contact
with the salt suggest that dissolution is the single post lithification influence on stratal
deformation. The dissolution of surficial or shallow subsurface caprock causes the collapse of
near salt strata explaining the southward dip, which is opposite of regional dip and inconsistent
with what would be expected from halokinetic processes. Recent uplift and unroofing of the
diapir may have led to minor reactivation of diapirism, but the result that has had, if any, on the
geometry of near-salt strata remains unclear.
DISCUSSION
The evolution of the Onion Creek Diapir is related to the progradation and autocyclicity
of Cutler fluvial fans in a complex relationship ( Elston et al., 1962; Mack & Rasmussen, 1984;
Hazel, 1994; Lawton & Buck, 2006; Cain & Mountney, 2009; Trudgill & Paz, 2009; Trudgill
2011; Venus et al., 2015). Tectonics, climate, and eustacy affect the behavior of a fluvial
network by controlling relative base level and sediment supply. The loading of Paradox
Formation salt caused the generation of proximal salt walls resulting, periodically, in the
topographic expression of salt diapirs. Thickness variations within the Cutler Formation
proximal to the Onion Creek Diapir are expected as minibasin depocenters migrate due to
changes in the relative balance of sedimentation and salt withdrawal. These phenomena are part
of a systematic chain of influences resulting in a positive feedback loop between coeval
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sedimentation and passive diapirism. Stratal geometries described as “hooks” and “wedges”
reveal the relative rates of sedimentation versus diapirism (Giles and Rowan, 2012). When
diapirism outpaces sedimentation the extent of syn-salt deformation generally doesn’t exceed
500 meters and the resulting upturned strata is a hook. At times when sedimentation occurs faster
than the rate of diapirism can keep pace the deformation is less pronounced because sediments
generally breach the cap rock. This style of deformation is called a wedge and can extend out to
2 kilometers from the diapir (Giles, 2012). Facies changes reveal what stage in the feedback loop
the Onion Creek Diapir exists at certain times in its history. Differences in relative rates of
sedimentation and diapirism result in different types of halokinetic deformation, minibasin depocenter migration, and either the diversion of a fluvial system around surficial cap rock or
breaching of the diapir.
The benefit of this study is two-fold. a) The Paradox basin salt anticline region differs
from other salt basins in that very few other successions of salt related strata contain fluvial
facies. Therefore, this study aids an understanding of how fluvial facies interact with salt bodies,
and documents post depositional, intraformational, small scale structural deformation, and b)
With a digital outcrop model and interpolated halokinetic stratigraphic surfaces the current study
quantitatively describes the relationship of salt withdrawal and sedimentation proximal to salt
bodies. These descriptions serve as an outcrop structural analog for other salt bodies as well as
subsurface petroleum exploration.
Several tectonic pulses are recognized in the upper section of the Undifferentiated Cutler
Group (Mack and Rasmussen, 1984; Trudgill & Paz, 2009; Allred, 2016). The result of these
pulses is erosion from the Uncompahgre Highlands and the deposition of coarse grained
extraformational conglomerates that are laterally traceable for kilometers. As sediments were
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shed off the metamorphic thrust front they loaded the Honaker Trail Formation, which had
already been deposited on top of the Paradox Formation salt. The relatively low shear strength of
crystalline salt yielded to the sedimentary overburden resulting in salt withdrawal at the point of
overburden and the creation of accommodation for more sedimentation to occur. The systematic
feedback loop of sedimentation and salt withdrawal transports and thickens the salt into vertical
salt walls and eventually the Onion Creek Diapir. These large scale relationships that affect
fluvial strata and the deformation of salt bodies have been well documented between the
Uncompahgre Uplift and proximal salt walls (Mack and Rasmussen, 1984; Trudgill and Paz,
2009; Trudgill 2011). Trudgill and Paz (2009) generated cross sections constrained by seismic
and/or gravity data and interpreted six progradational packages of Cutler strata. With each
successive progradational package, minibasin depo centers shifted on the kilometer scale to the
southwest as the systematic loading of sediment caused salt withdrawal. The eventual salt weld
between the Paradox Formation and pre-salt strata ended the feedback loop. As the first
progradational packages were subjected to halokineteic deformation for much longer than
younger strata, they are predictably more deformed, displaying large synclines and onlapping
relationships. That scale of deformation is not visible in outcrop, nor are the younger sediments
in the study area as deformed. Therefore, facies relationships, basin center migration, and both
syn and post orogenic structural deformation proximal to the Onion Creek Diapir is less well
understood. The current study adds data and interpretations of higher frequency folding and
small scale facies relationships that can only be studied in outcrop.
Facies relationships and architectural elements in the Cutler strata reveal the insitu
depositional environment. Coupled with the spatial trends of facies and proximity to the Onion
Creek Diapir the present study interprets how the late Permian fluvial fan system was affected by
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salt diapirism. The present study defines the lithofacies in the study area as OC1 (Horizontally
stratified sandstone), OC2 (Trough cross stratified Sandstone), OC3 (Scour fill sandstone), OC4
(Massive sandstone), and OC5 (Friable, laminated fine sandstone). Although these facies
characterize fluvial fans proximal to their source, the common preservation of overbank finegrained sediments suggests that the depositional environment differs from what is seen more
proximal to the Uncompahgre Uplift to the northwest. At the Richardson Ampitheater locality,
just 5km to the northwest we see more voluminous and laterally traceable coarse-grained fluvial
elements and a much smaller volume of overbank deposits (Allred, 2016).
While there are many similarities in descriptive lithofacies between the two localities
inspecting measured sections in both locations reveal that conglomerates and other coarse
grained fluvial deposits are much more prevalent at the Richardson Ampitheater. A volumetric
facies analysis of the measured sections in the study area reveal that overbank laminated sands
(OC5) represent from 7%-24% in any given measured section, with an average of 15% for all
sections. While at the Richardson Ampitheater a much smaller total percentage of 0%-12% with
an average of 5% is reported (Allred, 2016). Greater preservation of overbank deposits in the
Onion Creek study area suggest the sediments were deposited on a more distal part of the fluvial
fan where the lateral migration of channels is less likely to destroy them.
Although tectonics, climate, and even eustacy play a role in the progradation,
retrogradation, and autocyclicity of fluvial fans, the proximity of the Richardson Ampitheater to
the present study area suggests that the difference in facies association is also related to salt
diapirism. With no surficial expression of diapir caprock a fluvial fan is free of obstruction and
its channel and sheet flood elements can bypass subsurface salt. However, diapirism outpacing
sedimentation, which can create a topographic high, results in the diversion of fluvial elements
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Figure 26: Illustration of the earliest depositional period recorded in the study area outcrop.
Minor emergence of the Onion Creek Diapir caused some channel diversion and sediment
slumping but not enough to affect the autocyclicity of the fluvial fan around and over the
diapir. Modified from Cain and Mountney (2009).
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Figure 27: Illustration of the latest depositional period recorded in the study area outcrop. More
significant emergence of the Onion Creek Diapir and the creation of accommodation in the salt
withdrawal mini basin caused the vertical stacking of channels on the north side of the diapir
and then their diversion around it. Modified from Cain and Mountney (2009).
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Figure 28: Chart listing the evidence for the history of diapirism during the depositional periods
recorded in the study area outcrop

through a migrating minibasin depo-center around the diapir. In this circumstance lower energy
fluvial elements would be expected immediately adjacent to the diapir as they pool against it and
higher energy channels are contained further into the minibasin, preferentially following
accumulation associated with the salt withdrawal syncline. This phenomenon likely occurred in
the study area at the time of deposition.
Higher on a fluvial fan, in the distributary zone, the proximity of channels increases the
chances that lateral migration will result in multi-channel stacking. In more distal parts of a fan,
where energy has decreased and the density of channels is much lower, single stacked channels
surrounded by overbank fine sands and other floodplain elements are much more common. In the
present study area, channel facies increase in thickness at higher stratigraphic levels
(Venus et al., 2015). Sections measured in the current study mostly describe strata lower in the
field area. However, Sections 4 and 5 are stratigraphically higher and capture the transition to
more homogenous, multi-stacked channel facies described by Venus et al. (2015). This transition
records depo-center migration towards the diapir, as fluvial channels were attracted to the
localized accommodation created by the subsidence in the minibasin and emergence of the diapir
(Figures 26 and 27). If in situ stratigraphic architectures had been preserved, wedge style
geometries would likely characterize the salt-sediment interface at lower stratigraphic levels with
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unconformities and onlapping relationships (Giles and Rowan, 2012). Higher in the section more
pronounced hook geometries record the stacking, and likely diversion, of channel complexes due
to the topographic expression of the diapir. This shift in the power of influence on the Fisher
minibasin is also supported by the thin section of syn-salt deformed strata at the base of the
Cutler outcrops adjacent the to the diapir. Tight high frequency folding low in the outcrop
records the base of mass transport events or sediment slumps. These events could only occur if
the diapir had enough topographic relief to allow gravity to overcome the angle of repose but not
enough relief to preclude the deposition of sediments. If this expression of deformation existed in
higher levels of strata it has been destroyed by late stage processes (Figure 28).
CONCLUSION
Our study employs a variety of field and lab methods to record data that reveal the
sedimentological and structural history of the Fisher minibasin adjacent to the Onion Creek
diapir, specifically how the interplay between sedimentation and passive diapiric rise affects the
geometries of near-salt strata. The interpretations made by the current study also serve to refine
existing models on the evolution of Cutler Formation stratigraphy north of the diapir. The
relative rates of passive diapirism and coeval sedimentation can be discerned from spatial facies
trends, digital outcrop models, and relict deformational features.
Photogrammetry has served as an effective method for georeferencing the Cutler outcrop
in the study area and building a digital outcrop model from the data points. A localized,
northwest/southeast, trending depocenter developed later in the depositional history recorded by
the outcrop. The model suggests that the geometry of higher strata record increased basin
subsidence and diapir emergence.
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Vertical sections measured by the current study add to the Venus et al. (2015) study of
the Cutler Formation in the Salt Anticline region of the Paradox Basin, although the current
study interprets the facies trends differently. According to bedforms, channel element spatial
trends, grain type/size heterogeneity, and channel amalgamation increases stratigraphically
higher in the outcrop north of the Onion Creek Diapir. The increasing homogeneity of facies and
amalgamation of channels suggests that increasing localized accommodation created by
minibasin subsidence attracted channel complexes and caused vertical stacking.
The presence of high frequency folding in the lower section of Cutler strata supports the
idea that there was minor diapir emergence when strata lower in the outcrop were deposited. The
mass transport deposits responsible for these folds are only possible if the diapir had enough
topographic relief to overcome the angle of repose but emergence wasn’t significant enough to
preclude the deposition of sediments. The 3-D model reveals little, if any, thinning of strata
towards the diapir at these levels. Likely, there existed room for the autocyclicity of fluvial fans
to laterally amalgamate, only minorly impacted by the emergence of the diapir.
The unroofing of the diapir cap rock has led to extensive dissolution and the resulting
collapse of near-salt strata creating an overprint of existing deformation. If the thinning of strata
towards the diapir, that is typical of halokinetic sequences, existed, it has either been destroyed
or overprinted by syntectonic and post lithification deformation or it exists on a scale that is too
large to resolve in outcrop.
During the depositional period that the Cutler rocks in the study area record the Onion
Creek Diapir became more emergent as the rate of diapirism gradually outpaced the rate of
sedimentation. This conclusion, based on the presented data, adds valuable information to an
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understanding of the evolution of the Permian Cutler fluvial fan as it relates to proximal salt
walls.
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